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Roles of Cytoplasmic Ions in Lysosomal Acidification
Pascal Courville, Joseph A. Mindell.
NIH/NINDS, Bethesda, MD, USA.
The lysosome is the terminal organelle in the endocytic pathway; its role is to
degrade and recycle macromolecules. To function properly it must maintain an
acidic pH. A V-type ATPase is necessary to drive protons into lysosomes, but
the action of this pump generates a large voltage across the membrane, which
limits further pumping. Fluxes of ions are therefore necessary to dissipate the
electrochemical gradient, referred as the ‘‘counterion pathway.’’ It remains
poorly understood which ions contribute to this pathway and facilitate net acid-
ification of the lysosome. Our goal is to investigate the mechanism underlying
the acidification of lysosomes and to evaluate the role of ClC-7, a lysosomal
Hþ/Cl- exchanger in the acidification process. We have probed the effects of
external ion concentrations on acidification in isolated lysosomes using fluores-
cent ion- or voltage-sensing probes to measure internal pH or changes in mem-
brane voltage.
Using isolated lysosomes we demonstrate that the presence of external anions
facilitates lysosomal acidification, suggesting a role in the counterion pathway.
The anion specificity is similar to the anion selectivity observed for members of
the ClC family (Cl->Br->I->NO3-). In contrast, the presence of cytoplasmic
like concentrations of external Kþ doesn’t facilitate acidification; rather, at
these levels (100mM), Kþ ions induce alkalinization, which is enhanced in
the presence of Valinomycin. Using the DisC3(5) membrane potential dye
we monitored lysosomal membrane potential while varying external [Kþ];
we estimate the relative Kþ permeability with and without Valinomycin.
Finally, we used the null point titration approach to estimate the luminal con-
centration of ions, obtaining values in a range similar to those found using pH
changes. This work helps constrain models of lysosomal acidification and sug-
gests a limited role for Kþ in the process.
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CLC-K Cl- channels of the CLC family are almost exclusively expressed in kid-
ney and inner ear epithelia where they participate in NaCl reabsorption and
endolymph production, respectively. Both in the kidney and in the inner ear
CLC-Ks co-assemble with a small beta subunit, barttin, that affects trafficking,
stability, and gating of CLC-Ks by unknown interaction mechanisms. Muta-
tions in ClC-Kb and barttin cause Bartter syndrome. Previously, the search
for potential therapies led to identify niflumic acid (NFA), a drug belonging
to the fenamate class, as the most potent human CLC-K activator so far known
(Liantonio et al, 2006. Mol Pharmacol 69:165; Picollo et al, 2007. J Membr
Biol 216:73). CLC-K isoforms expressed in Xenopus oocytes show peculiar
NFA responses: hCLC-Kb is activated by [NFA]ext up to 2 mM, hCLC-Ka is
potentiated by [NFA]ext% 0.5 mM whereas it is inhibited by higher [NFA]ext,
and rat CLC-K1 is blocked at all [NFA]ext tested. We recently identified the
extracellularly accessible residue F256 that when mutated to Ala hugely
increases the activating effect of NFA on CLC-Ka. Furthermore, the F256A
mutation confers onto CLC-K1 a transient potentiation induced by NFA. Inter-
estingly, activation was found only when CLC-K1/F256A was co-expressed
with barttin. Based on a model of barttin’s structure (Estevez et al, 2001.Nature
414:558), a mutagenic screen of the extracellular loop led us to identify four
residues (R30, Q32, F37, and Y38) that when mutated abolished CLC-Ka
potentiation by NFA, suggesting the involvement of the subunit in this process.
Thus, in addition to barttin’s known roles, it participates in the pharmacological
modulation of CLC-K channels.
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Mutations in CLCN1 coding for the muscle ClC-1 Cl- channel lead to dominant
(Thomsen’s disease) of recessive (Becker’s disease) myotonia. Here we char-
acterized several CLCN1 mutations identified in Costa Rica myotonia patients:
Q412P (Morales 2008. RevBiolTrop 56:1), R105C, Q154R, and F167L(R105C and F167L have been described earlier in German families (Meyer-
Kleine 1995. AmJHumGenet57:1325, Zhang 2000. Neurology54:937). In
different families, the Q412P mutation was found to be inherited both in reces-
sive and dominant fashion. We studied the Cl- currents generated by these mu-
tants in Xenopus oocytes using electrophysiological techniques, and for the
Q412P mutant also surface membrane expression. Assaying for fast and com-
mon gating properties and single channel conductance, we found that none of
the mutations exhibited significant alterations of gating parameters or conduc-
tance. In fact, mutations R105C, Q154R, and F167L were indistinguishable
from WT ClC-1 (in agreement with earlier studies for R105C and F167L
(Desaphy 2013, ExpNeurol 248:530). However, mutation Q412P displayed
a dramatically reduced current density and a reduced surface expression. How-
ever, mimicking the heterozygous status of patients by co-injecting WT and
mutant RNA in a 1:1 ratio did not reveal a significant reduction of current den-
sity compared to the injection of the half amount of WT. Our results indicate
that Q412P does not exert a dominant negative effect on WT and that the path-
ophysiology of the R105C, Q154R, and F167L mutations is not due to reduced
open probability or single channel current, but that these mutations must affect
mechanisms that are not well reproduced in a non-skeletal muscle expression
systems. The lack of dominance of Q412P might be due to early protein degra-
dation (before being able to interact with WT subunits) or to a silent phenotype
in WT/Q412P heteromers.
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Role of Candidate Counterions in Clathrin Coated Vesicle Acidification
Mary Weston.
NINDS, NIH, Bethesda, MD, USA.
Organelles such as endosomes and lysosomes maintain a characteristic internal
pH essential for their function. This acidic luminal pH is generated and main-
tained by the V-type ATPase, a protein that hydrolyzes ATP to pump protons
(Hþ) into the organelle against their electrochemical gradient. Hþ-pumping
generates a voltage across the membrane and an additional ion, known as a
counterion, must move to dissipate the charge buildup and allow additional pro-
ton pumping. The counterion could be an anion moving into the organelle, a
cation exiting, or a combination of both. Though progress has been made in
probing the counterion pathways involved in lysosomal acidification, coun-
terion movement in endosomes is poorly understood, partly because of the
difficulty of isolating a homogeneous endosome population. However,
clathrin-coated vesicles (CCVs), a subpopulation of early endosomes, can be
more readily obtained. We have isolated highly-enriched bovine brain CCVs
to probe their acidification mechanism and the role of counterion movement.
We find that CCVs acidify robustly upon the addition of ATP when monitored
with the pH-responsive fluorophore acridine orange. This acidification is
completely dependent on external Cl-, although some other monovalent anions
can partially substitute. Further, acidification is essentially independent of the
external monovalent cation, suggesting a prominent role for Cl- transport in the
counterion pathway in these organelles. We continue to investigate the identity
and mechanistic transport properties of the Cl- dependence in CCVs, ultimately
hoping to understand the role of Cl- transport in endosomal acidification using
CCVs as a model system.
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Voltage-dependent anion channels (VDAC) mediate the transfer of metabolites
such as ATP, ADP, and NADH across the outer mitochondrial membrane of all
eukaryotic cells. The open state is selective for anions, while the partially
closed state is selective for cations. The x-ray crystal structure of VDAC
from mouse (mVDAC1) (Ujwal et al. PNAS 2008) made it possible to study
the molecular workings of this channel in unprecedented detail.
Previously, we used continuum electrostatic calculations to show that
mVDAC1 is anion selective suggesting that the x-ray crystal structure repre-
sents the open state of the channel (Choudhary et al. JMB 2010). However,
the hallmark of the open state is high ATP flux. The open channel passes mil-
lions of ATPmolecules per second, while the closed state exhibits no detectable
148a Sunday, February 16, 2014ATP flux. Therefore, we determined the conduction state of the channel with
regard to the ATP permeation. To understand ATP permeation through
VDAC, we solved the structure of murine VDAC1 (mVDAC1) in the presence
of ATP revealing a low-occupancy binding site. Guided by these coordinates,
we initiated hundreds of molecular dynamics (MD) simulations to construct a
Markov State Model (MSM) of ATP permeation using the software (Beau-
champ et al. JCTC 2011). These simulations show a high ATP flux generated
from multiple pathways through the channel, consistent with our structural data
and previously reported physiological permeation rates.
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Genomics-Aided Structural Modeling of an Antiparallel Homodimeric
Fluoride Channel
Eugene J. Palovcak, Lucie Delemotte, Michael L. Klein,
Vincenzo Carnevale.
Temple University, Philadelphia, PA, USA.
‘Flucs’ are small membrane proteins widespread in bacteria, single-celled eu-
karyotes, and plants. Only recently characterized, Flucs act as fluoride-specific
ion channels, forming antiparallel dimers of four-helix transmembrane bundles.
Little else is known about this protein family. To gain insight into the structure
and function of the Flucs, we use direct-coupling analysis (DCA) and ab initio
molecular modeling to generate all-atom models of the E. coli Fluc homodimer
EC2. DCA uses large multiple sequence alignments to infer the interdepen-
dencies between residue positions in protein families and is robust at predicting
protein contacts from sequence alone. Taking into account simple geometric
considerations and strong experimental evidence for an antiparallel homo-
dimer, we are able to parse the inter- and intra-monomeric contacts predicted
by DCA. These contacts are used to bias a conformational search performed
by a custom Rosetta fold-and-dock protocol. Final refined models are further
relaxed with all-atom molecular dynamics simulations in an explicit membrane
environment. Possible mechanisms for fluoride selectivity and permeation are
discussed in light of the model. This study demonstrates the utility of DCA in
the ab initio modeling of oligomers, suggests a novel sequence-based approach
to identify dual-topology proteins, and provides a strong foundation for more
directed experimental characterizations of the Fluc protein family.
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Mouse CFTR Exhibits Multiple Characteristic Differences from Human
CFTR
Guiying Cui, Christopher Kuang, Chengyu Z. Prince, Nael A. McCarty.
Emory University, Atlanta, GA, USA.
Currently available murine CF models have failed to replicate CF-like sponta-
neous obstructive lung disease until challenged with bacteria or LPS. It has
been reported that the delF508-mCFTR mutant does not exhibit mistrafficking
behavior as seen in delF508-hCFTR, and that mCFTR single channel behavior
is distinctly different from hCFTR. We have investigated and compared the
channel behavior of mCFTR and hCFTR expressed in Xenopus oocytes using
electrophysiology combined with mutagenesis. The results are: (1) GlyH-101
blocked hCFTR with Kd 4.9 mM while GlyH-101 blocked mCFTR with Kd
32 mM at VM=-60 mV. GlyH-101 failed to block R334A and R334C in both
hCFTR and mCFTR. (2) GlyH-101 activated mCFTR but not hCFTR in a
concentration-dependent manner with Kd 103 mM. GlyH-101 only exhibited
the activation effect on R334A-mCFTR. (3) 10 mM VX-770 transiently
increased hCFTR ~30%, while activated mCFTR in a time-dependent manner
to > 2 fold. (4) Glibenclamide (Glyb) only inhibited hCFTR (Kd 22 mM at
Vm = 120 mV) but also inhibited mCFTR (Kd 18 mM at Vm = 120 mV)
and activated mCFTR (Kd 5 mM at Vm = 100 mV). Similar phenomena
were seen in both whole cell (TEVC) and inside-out macropatch configuration.
(5) Whereas human CFTR opens to the full open state (f) over 98% of the open
time, mCFTR occupies the f state 60% of the open time, with the rest spend in
the subconductance 1 (s1) or subconductance 2 (s2) at Vm=100mV. Conclu-
sion: (1) mCFTR channel behavior differs from hCFTR in multiple respects. (2)
The differences between mCFTR and hCFTR will provide a tool in identifying
the binding sites and mechanism of VX-770 and GlyH-101. (NIH R01-DK
056481).
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Daniel T. Infield, Guiying Cui, Chris Kuang, Nael A. McCarty.
Pediatrics, Emory University School of Medicine, Atlanta, GA, USA.
CFTR is a member of the ABC transporter family, and as such bears closer ho-
mology to transporters than to other channels. However, it is unknown whether,
like transporters, the transmembrane domains of CFTR undergo an inward-to-
outward facing transition upon NBD dimerization. To test this, we made
cysteine substitutions in the extracellular loops (ECL) 1 and 4, which apposeeach other in inward-facing but not outward-facing structures of ABC trans-
porters. We found that the macroscopic current of D110C/K892C-CFTR chan-
nels (but not corresponding single mutants) was increased in the presence of
DTT. Multichannel patch recordings revealed that DTT increased NPO of dou-
ble cysteine mutant channels, indicating that they were locked into a closed
state by a spontaneous disulfide bond prior to DTT. To further understand
the kinetics of the interaction, we applied Cd2þ trapping and found that
D110C alone is transiently bound by Cd2þ, causing a rapidly reversible
33 þ/- 4.6% inhibition of current. By contrast, Cd2þ inhibited D110C/
K892C-CFTR irreversibly and to a greater extent (72.5 þ/-6.8%) under iden-
tical cumulative exposure. Results were consistent in 2 mM, 20 uM and 200
nM Cd2þ. K892C was reversibly modified to a small extent (1.5 þ/- 0.9%)
and E115C (near the end of ECL1) was not functionally modified by Cd2þ,
but was labeled by MTS-TAMRA, indicating accessibility. The data suggest:
1) ECL1 and ECL4 come into close proximity in a closed state of CFTR; 2)
K892 is located away from the conductance pathway of open CFTR; and 3)
ECL1 is oriented such that D110 is closer to the pore than E115. Experiments
are currently investigating the single channel effect of Cd2þ on ECL mutants
and state-dependent kinetics of Cd2þ coordination by D110C/K892C and other
ECL pairs. (NIH R01-DK 056481).
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The cystic fibrosis transmembrane conductance regulator (CFTR) is a chloride
channel that belongs to the ATP binding cassette (ABC) superfamily. Defective
function of CFTR is responsible for cystic fibrosis, a lethal genetic disease man-
ifested in defective chloride transport across the epithelial cells in various tis-
sues. The structure of CFTR comprises two transmembrane domains (TMDs)
that form the channel pore, two intracellular nucleotide-binding domains
(NBDs) and a unique regulatory domain. The opening of CFTR channels is
coupled to ATP binding to the NBDs and subsequent NBD dimerization.
ATP hydrolysis leads to dimer separation and channel closure. In the past
few years tremendous progress has been made in the characterization of
CFTR gating, but the conformational changes behind the gating transitions
observed in these functional studies can only be inferred based mostly on the
crystal structures available from a few ABC transporters. Dynamic structural
information governing the mechanisms behind CFTR function at the molecular
level is still lacking. Recent biochemical breakthroughs in purifying CFTR now
make it possible to address some of the outstanding questions in the CFTR field.
Our goal is to investigate the NBD dimer formation and separation (dimeriza-
tion dynamics) using the state-of-the-art single-molecule Fo¨rster resonance en-
ergy transfer (smFRET) technique forWT and mutant CFTR channels. Here we
show our progress so far in this work, namely the characterization of the puri-
fied NBDs: the apparent biding affinity, hydrolysis competence and FRET data
demonstrating the association of the two isolated domains in the presence of
ATP. The purpose of this study is to address fundamental questions about
the molecular mechanisms behind the function of CFTR channels, and when
completed, will no doubt enhance our understanding of the relationship be-
tween structure, dynamics and function.
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CFTR, a member of the ATP-binding cassette protein superfamily, is a
phosphorylation-activated but ATP-gated chloride channel. Like other anion
channels, CFTR’s pore is permeable to a wide variety of anions, including bro-
mide, nitrate, iodide and bicarbonate. From the shift of reversal potentials under
bi-ionic conditions for chloride, bromide and nitrate, we obtained a perme-
ability sequence: NO3- > Br- > Cl-, a result consistent with previous
reports, but the macroscopic conductance sequence, NO3-> Br-> Cl-, contra-
dicts previously published Cl- > NO3- > Br-. Nonetheless, single-channel
studies reveal a conductance sequence of Cl- > NO3- > Br-, suggesting bro-
mide and nitrate may affect CFTR gating. By analyzing single channel kinetics,
we found that NO3- indeed increases the open probability (0.7150.01 versus
0.5150.02 with Cl-) by increasing the opening rate and prolonging the open
time. Interestingly, when examining recordings from patches containing one
single channel in nitrate-based bath, we observed two distinct open-channel
conductance levels (the smaller O1 state and the larger O2 state), a phenome-
non similar to the effect of the R352C mutation on CFTR. Furthermore, statis-
tical analysis of the pattern of gating transitions also reveals a prevalent
